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Preface
Adaptive control provides techniques for the automatic adjustment of control param-
eters in real time either to achieve or to maintain a desired level of control system
performance when the dynamic parameters of the process to be controlled are un-
known and/or time-varying. The main characteristic of these techniques is the ability
to extract significant information from real data in order to tune the controller and
they feature a mechanism for adjusting the parameters of either the plant model or
the controller. The history of adaptive control is long, significant progress in under-
standing and applying its ideas having begun in the early nineteen-seventies. The
growing availability of digital computers has also contributed to the progression of
the field. The early applications provided important feedback for the development
of the field and theoretical innovations allowed a number of basic problems to be
solved. The aim of this book is to provide a coherent and comprehensive treatment
of the field of adaptive control. The presentation takes the reader from basic problem
formulation to analytical solutions the practical significance of which is illustrated
by applications. A unified presentation of adaptive control is not obvious. One rea-
son for this is that several design steps are involved and this increases the number
of degrees of freedom. Another is that methods have been proposed having differ-
ent applications in mind but without a clear motivation for the intermediate design
steps. It is our belief, however, that a coherent presentation of the basic techniques
of adaptive control is now possible. We have adopted a discrete-time formulation for
the problems and solutions described to reflect the importance of digital computers
in the application of adaptive control techniques and we share our understanding
and practical experience of the soundness of various control designs with the reader.
Throughout the book, the mathematical aspects of the synthesis and analysis of var-
ious algorithms are emphasized; however, this does not mean that they are sufficient
in themselves for solving practical problems or that ad hoc modifications of the algo-
rithms for specific applications are not possible. To guide readers, the book contains
various applications of control techniques but it is our belief that without a solid
mathematical understanding of the adaptation techniques available, they will not be
able to apply them creatively to new and difficult situations. The book has grown out
of several survey papers, tutorial and courses delivered to various audiences (grad-
uate students, practicing engineers, etc.) in various countries, of the research in the
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field done by the authors (mostly at Laboratoire d’Automatique de Grenoble, now
the Control Department of GIPSA-LAB (Institut National Polytechnique de Greno-
ble/CNRS), HEUDYASIC (Université Technologique de Compiègne/CNRS), CIN-
VESTAV (Mexico), GREYC (Caen) and the Laboratoire d’Automatique of EPFL
(Lausanne)), and of the long and rich practical experience of the authors. On the
one hand, this new edition reflects new developments in the field both in terms of
techniques and applications and, on the other, it puts a number of techniques into
proper perspective as a result of feedback from applications.
Expected Audience The book is intended as a textbook for graduate students as
well as a basic reference for practicing engineers facing the problem of designing
adaptive control systems. Control researchers from other areas will find a compre-
hensive presentation of the field with bridges to various other control design tech-
niques.
About the Content It is widely accepted that stability analysis in a deterministic
environment and convergence analysis in a stochastic environment constitute a basic
grounding for analysis and design of adaptive control systems and so these form the
core of the theoretical aspects of the book. Parametric adaptation algorithms (PAAs)
which are present in all adaptive control techniques are considered in greater depth.
Our practical experience has shown that in the past the basic linear controller
designs which make up the background for various adaptive control strategies have
often not taken robustness issues into account. It is both possible and necessary to
accommodate these issues by improving the robustness of the linear control designs
prior to coupling them with one of the adaptation algorithms so the book covers this.
In the context of adaptive control, robustness also concerns the parameter adap-
tation algorithms and this issue is addressed in detail. Furthermore, multiple-model
adaptive control with switching is an illustration of the combination of robust and
adaptive control and is covered in depth in the new edition. In recent years, plant
model identification in closed-loop operation has become more and more popular
as a way of improving the performance of an existing controller. The methods that
have arisen as a result are directly relevant to adaptive control and will also be thor-
oughly treated. Adaptive regulation and adaptive feedforward disturbance compen-
sation have emerged as new adaptive control problems with immediate application
in active vibration control and active noise control. These aspects are now covered
in this second edition.
The book is organized as follows:
• Chapter 1 provides an introduction to adaptive control and a tutorial presentation
of the various techniques involved.
• Chapter 2 presents a brief review of discrete-time linear models for control with
emphasis on optimal predictors which are often used throughout the book.
• Chapter 3 is a thorough coverage of parameter adaptation algorithms (PAA) oper-
ating in a deterministic environment. Various approaches are presented and then
the stability point of view for analysis and design is discussed in detail.
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• Chapter 4 is devoted to the analysis of parameter adaptation algorithms in a
stochastic environment.
• Chapter 5 discusses recursive plant model identification in open loop which is
an immediate application of PAAs on the one hand and an unavoidable step in
starting an adaptive controller on the other.
• Chapter 6 is devoted to the synthesis of adaptive predictors.
• Chapter 7 covers digital control strategies which are used in adaptive control. One
step ahead predictive control and long-range predictive control are presented in a
unified manner.
• Chapter 8 discusses the robust digital control design problem and provides tech-
niques for achieving required robustness by shaping the sensitivity functions.
• Digital control techniques can be combined with the recursive plant model iden-
tification in closed loop to obtain an adaptive controller. These recursive identifi-
cation techniques are discussed in Chap. 9.
• The issue of robustification of parameter adaptation algorithm in the context of
adaptive control is addressed in Chap. 10.
• For special types of plant model structures and control strategies, appropriate
parametrization of the plant model allows direct adjustment of the parameters of
the controllers yielding so called direct adaptive control schemes. Direct adaptive
control is the subject of Chap. 11.
• Indirect adaptive control which combines in real-time plant model parameter esti-
mation in closed loop with the redesign of the controller is discussed in Chap. 12.
• Multimodel adaptive control with switching, which combines robust control and
adaptive control, is discussed in Chap. 13 (new in the second edition).
• Rejection of unknown disturbances is the objective of adaptive regulation which
is the subject of Chap. 14 (new in the second edition).
• Adaptive feedforward compensation of disturbances is discussed in Chap. 15
(new in the second edition).
• Chapter 16 is devoted to the practical aspects of implementing adaptive con-
trollers.
Chapters 5, 9, 12, 13, 14 and 15 include applications using the techniques presented
in these chapters. A number of appendices which summarize important background
topics are included.
Problems and simulation exercises are included in most of the chapters.
Pathways Through the Book The book was written with the objective of pre-
senting comprehensive coverage of the field of adaptive control and of making the
subject accessible to a large audience with different backgrounds and interests. Thus
the book can be read and used in different ways.
For those only interested in applications we recommend the following se-
quence: Chaps.: 1, 2, 3 (Sects. 3.1 and 3.2), 5 (Sects. 5.1, 5.2, 5.7 through 5.9),
7 (Sects. 7.1, 7.2, 7.3.1 and 7.3.2), 8 (Sects. 8.1, 8.2 and 8.3.1), 9 (Sects. 9.1
and 9.6), 10 (Sect. 10.1), 11 (Sects. 11.1 and 11.2), 12 (Sects. 12.1 and 12.2.1),
13 (Sects. 13.1, 13.2 and 13.4), 14 (Sects. 14.1, 14.2, 14.4 and 14.7), 15 (Sects. 15.1,
15.2 and 15.5) and Chap.16. Most of the content of Chaps. 14 and 15 can also be
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read just after Chap. 3. The sequence above (till Chap. 15) can also serve as an
introductory course in adaptive control.
For a more in-depth study of the field a course should include in addition the
following Sects.: 3.3, 3.4, 4.1, 4.2, 5.3 through 5.6, 6.1, 6.2, 7.3.3 through 7.7, 8.3
through 8.6, 9.2 through 9.6, 10.2, 10.3, 10.4, 10.6, 11.4.1, 11.4.2 and 11.6, 12.2.2
through 12.3.1, 12.4 and 12.7, 13.3, 14.3, 14.5, 15.3 and 15.4. A graduate course in
adaptive control might include all chapters of the book.
The material has been organized so that readers can easily see how the more
technical parts of the book can be bypassed. Figure 1 shows the logical progression
of the chapters.
The Website Complementary information and material for teaching and applica-
tions can be found on the book website: http://www.landau-adaptivecontrol.org.
Acknowledgments We wish to acknowledge the large number of contributors
on whose work our presentation is partly based. In particular, we wish to mention:
G. Zames, V.M. Popov, L. Ljung, G. Goodwin, D. Clarke, K.J. Aström, B.D.O. An-
derson, A.S. Morse, P. Kokotovic from whom we learned many things.
In our research activity we had the privilege of interacting with a number of col-
leagues among whom we would like to mention: M. Tomizuka, R. Bitmead, M. Gev-
ers, C.R. Johnson, H.M. Silveira, C. Samson, L. Praly, R. Ortega, Ph. de Larmi-
nat, K. Najim, E. Irving, F. Giri, B. Egardt, L. Dugard, J.M. Dion, B. Brogliato,
G. Béthoux, B. Courtiol, H. Duong, A. Besançon and H. Prochazka. We would like
to express our appreciation for their contributions.
The long term support of the Centre National de la Recherche Scientifique
(CNRS) and of the Institut National Polytechnique de Grenoble is gratefully ac-
knowledged.
Preface xi
We would like to thank J. Langer, A. Constantinescu, J. Chebassier and M. Alma
for their effective contribution to this project.
This second edition has also been made possible by Stéphane Mocanu who suc-
ceed in finding the “lost” electronic files of the first edition.
We would also like to thank Oliver Jackson from Springer whose enthusiasm and
professionalism has helped us to finalize this new edition of the book.
Writing takes a lot of time and most of the writing has been done on overtime.
We would like to thank our families for their patience.
Ioan Doré Landau
Rogelio Lozano
Mohammed M’Saad
Alireza Karimi
Grenoble, France
Contents
1 Introduction to Adaptive Control . . . . . . . . . . . . . . . . . . . . 1
1.1 Adaptive Control—Why? . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Adaptive Control Versus Conventional Feedback Control . . . . . 3
1.2.1 Fundamental Hypothesis in Adaptive Control . . . . . . . . 6
1.2.2 Adaptive Control Versus Robust Control . . . . . . . . . . 6
1.3 Basic Adaptive Control Schemes . . . . . . . . . . . . . . . . . . 9
1.3.1 Open-Loop Adaptive Control . . . . . . . . . . . . . . . . 10
1.3.2 Direct Adaptive Control . . . . . . . . . . . . . . . . . . . 11
1.3.3 Indirect Adaptive Control . . . . . . . . . . . . . . . . . . 13
1.3.4 Direct and Indirect Adaptive Control.
Some Connections . . . . . . . . . . . . . . . . . . . . . . 16
1.3.5 Iterative Identification in Closed Loop and Controller
Redesign . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.3.6 Multiple Model Adaptive Control with Switching . . . . . 19
1.3.7 Adaptive Regulation . . . . . . . . . . . . . . . . . . . . . 19
1.3.8 Adaptive Feedforward Compensation of Disturbances . . . 20
1.3.9 Parameter Adaptation Algorithm . . . . . . . . . . . . . . 20
1.4 Examples of Applications . . . . . . . . . . . . . . . . . . . . . . 22
1.4.1 Open-Loop Adaptive Control of Deposited Zinc
in Hot-Dip Galvanizing . . . . . . . . . . . . . . . . . . . 22
1.4.2 Direct Adaptive Control of a Phosphate Drying Furnace . . 24
1.4.3 Indirect and Multimodel Adaptive Control of a Flexible
Transmission . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.4.4 Adaptive Regulation in an Active Vibration Control
System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1.4.5 Adaptive Feedforward Disturbance Compensation in an
Active Vibration Control System . . . . . . . . . . . . . . 27
1.5 A Brief Historical Note . . . . . . . . . . . . . . . . . . . . . . . 30
1.6 Further Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
1.7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 32
xiii
xiv Contents
2 Discrete-Time System Models for Control . . . . . . . . . . . . . . . 35
2.1 Deterministic Environment . . . . . . . . . . . . . . . . . . . . . 35
2.1.1 Input-Output Difference Operator Models . . . . . . . . . 35
2.1.2 Predictor Form (Prediction for Deterministic SISO
Models) . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.2 Stochastic Environment . . . . . . . . . . . . . . . . . . . . . . . 43
2.2.1 Input-Output Models . . . . . . . . . . . . . . . . . . . . 43
2.2.2 Predictors for ARMAX Input-Output Models . . . . . . . . 45
2.2.3 Predictors for Output Error Model Structure . . . . . . . . 49
2.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.4 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3 Parameter Adaptation Algorithms—Deterministic Environment . . 55
3.1 The Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.2 Parameter Adaptation Algorithms (PAA)—Examples . . . . . . . 57
3.2.1 Gradient Algorithm . . . . . . . . . . . . . . . . . . . . . 57
3.2.2 Recursive Least Squares Algorithm . . . . . . . . . . . . . 61
3.2.3 Choice of the Adaptation Gain . . . . . . . . . . . . . . . 67
3.2.4 Recursive Least Squares and Kalman Filter . . . . . . . . . 72
3.2.5 Some Remarks on the Parameter Adaptation Algorithms . . 75
3.3 Stability of Parameter Adaptation Algorithms . . . . . . . . . . . 76
3.3.1 Equivalent Feedback Representation of the Parameter
Adaptation Algorithms and the Stability Problem . . . . . . 76
3.3.2 Stability Approach for the Synthesis of PAA Using
the Equivalent Feedback Representation . . . . . . . . . . 82
3.3.3 Positive Real PAA Structures . . . . . . . . . . . . . . . . 90
3.3.4 Parameter Adaptation Algorithms with Time-Varying
Adaptation Gain . . . . . . . . . . . . . . . . . . . . . . . 97
3.3.5 Removing the Positive Real Condition . . . . . . . . . . . 107
3.4 Parametric Convergence . . . . . . . . . . . . . . . . . . . . . . . 111
3.4.1 The Problem . . . . . . . . . . . . . . . . . . . . . . . . . 111
3.4.2 Persistently Exciting Signals . . . . . . . . . . . . . . . . 115
3.4.3 Parametric Convergence Condition . . . . . . . . . . . . . 116
3.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 118
3.6 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4 Parameter Adaptation Algorithms—Stochastic Environment . . . . 121
4.1 Effect of Stochastic Disturbances . . . . . . . . . . . . . . . . . . 121
4.2 The Averaging Method for the Analysis of Adaptation Algorithms
in a Stochastic Environment . . . . . . . . . . . . . . . . . . . . . 126
4.3 The Martingale Approach for the Analysis of PAA in a Stochastic
Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
4.4 The Frequency Domain Approach . . . . . . . . . . . . . . . . . . 146
4.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 149
4.6 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
Contents xv
5 Recursive Plant Model Identification in Open Loop . . . . . . . . . . 153
5.1 Recursive Identification in the Context of System
Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
5.2 Structure of Recursive Parameter Estimation Algorithms . . . . . . 155
5.3 Recursive Identification Methods Based on the Whitening
of the Prediction Error (Type I) . . . . . . . . . . . . . . . . . . . 162
5.3.1 Recursive Least Squares (RLS) . . . . . . . . . . . . . . . 162
5.3.2 Extended Least Squares (ELS) . . . . . . . . . . . . . . . 162
5.3.3 Output Error with Extended Prediction Model
(OEEPM) . . . . . . . . . . . . . . . . . . . . . . . . . . 164
5.3.4 Recursive Maximum Likelihood (RML) . . . . . . . . . . 165
5.3.5 Generalized Least Squares (GLS) . . . . . . . . . . . . . . 166
5.4 Validation of the Models Identified with Type I Methods . . . . . . 168
5.4.1 Whiteness Test . . . . . . . . . . . . . . . . . . . . . . . . 169
5.5 Identification Methods Based on the Decorrelation of the
Observation Vector and the Prediction Error (Type II) . . . . . . . 171
5.5.1 Output Error with Fixed Compensator . . . . . . . . . . . 171
5.5.2 Output Error with Adjustable Compensator . . . . . . . . . 172
5.5.3 Filtered Output Error . . . . . . . . . . . . . . . . . . . . 173
5.5.4 Instrumental Variable with Auxiliary Model . . . . . . . . 175
5.6 Validation of the Models Identified with Type II Methods . . . . . 176
5.6.1 Uncorrelation Test . . . . . . . . . . . . . . . . . . . . . . 177
5.7 Selection of the Pseudo Random Binary Sequence . . . . . . . . . 178
5.7.1 Pseudo Random Binary Sequences (PRBS) . . . . . . . . . 178
5.8 Model Order Selection . . . . . . . . . . . . . . . . . . . . . . . . 181
5.8.1 A Practical Approach for Model Order Selection . . . . . . 182
5.8.2 Direct Order Estimation from Data . . . . . . . . . . . . . 185
5.9 An Example: Identification of a Flexible Transmission . . . . . . . 187
5.10 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 190
5.11 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
6 Adaptive Prediction . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
6.1 The Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
6.2 Adaptive Prediction—Deterministic Case . . . . . . . . . . . . . . 194
6.2.1 Direct Adaptive Prediction . . . . . . . . . . . . . . . . . 194
6.2.2 Indirect Adaptive Prediction . . . . . . . . . . . . . . . . . 196
6.3 Adaptive Prediction—Stochastic Case . . . . . . . . . . . . . . . 198
6.3.1 Direct Adaptive Prediction . . . . . . . . . . . . . . . . . 198
6.3.2 Indirect Adaptive Prediction—Stochastic Case . . . . . . . 201
6.4 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 202
6.5 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
7 Digital Control Strategies . . . . . . . . . . . . . . . . . . . . . . . . 205
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
7.2 Canonical Form for Digital Controllers . . . . . . . . . . . . . . . 207
7.3 Pole Placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
xvi Contents
7.3.1 Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . 210
7.3.2 Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
7.3.3 Some Properties of the Pole Placement . . . . . . . . . . . 216
7.3.4 Some Particular Pole Choices . . . . . . . . . . . . . . . . 221
7.4 Tracking and Regulation with Independent Objectives . . . . . . . 223
7.4.1 Polynomial Design . . . . . . . . . . . . . . . . . . . . . . 223
7.4.2 Time Domain Design . . . . . . . . . . . . . . . . . . . . 227
7.5 Tracking and Regulation with Weighted Input . . . . . . . . . . . 229
7.6 Minimum Variance Tracking and Regulation . . . . . . . . . . . . 232
7.6.1 Design of Minimum Variance Control . . . . . . . . . . . 233
7.6.2 Generalized Minimum Variance Tracking
and Regulation . . . . . . . . . . . . . . . . . . . . . . . . 236
7.7 Generalized Predictive Control . . . . . . . . . . . . . . . . . . . 237
7.7.1 Controller Equation . . . . . . . . . . . . . . . . . . . . . 243
7.7.2 Closed-Loop Poles . . . . . . . . . . . . . . . . . . . . . . 244
7.7.3 Recursive Solutions of the Euclidian Divisions . . . . . . . 246
7.8 Linear Quadratic Control . . . . . . . . . . . . . . . . . . . . . . 249
7.9 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 252
7.10 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
8 Robust Digital Control Design . . . . . . . . . . . . . . . . . . . . . . 259
8.1 The Robustness Problem . . . . . . . . . . . . . . . . . . . . . . . 259
8.2 The Sensitivity Functions . . . . . . . . . . . . . . . . . . . . . . 261
8.3 Robust Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . 262
8.3.1 Robustness Margins . . . . . . . . . . . . . . . . . . . . . 262
8.3.2 Model Uncertainties and Robust Stability . . . . . . . . . . 267
8.3.3 Robustness Margins and Robust Stability . . . . . . . . . . 271
8.4 Definition of “Templates” for the Sensitivity Functions . . . . . . . 272
8.5 Properties of the Sensitivity Functions . . . . . . . . . . . . . . . 275
8.5.1 Output Sensitivity Function . . . . . . . . . . . . . . . . . 275
8.5.2 Input Sensitivity Function . . . . . . . . . . . . . . . . . . 283
8.5.3 Noise Sensitivity Function . . . . . . . . . . . . . . . . . . 285
8.6 Shaping the Sensitivity Functions . . . . . . . . . . . . . . . . . . 286
8.7 Other Design Methods . . . . . . . . . . . . . . . . . . . . . . . . 287
8.8 A Design Example: Robust Digital Control of a Flexible
Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
8.9 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 288
8.10 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290
9 Recursive Plant Model Identification in Closed Loop . . . . . . . . . 293
9.1 The Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293
9.1.1 The Basic Equations . . . . . . . . . . . . . . . . . . . . . 296
9.2 Closed-Loop Output Error Algorithms (CLOE) . . . . . . . . . . . 298
9.2.1 The Closed-Loop Output Error Algorithm (CLOE) . . . . . 298
9.2.2 Filtered Closed-Loop Output Error Algorithm
(F-CLOE) . . . . . . . . . . . . . . . . . . . . . . . . . . 299
Contents xvii
9.2.3 Extended Closed-Loop Output Error Algorithm
(X-CLOE) . . . . . . . . . . . . . . . . . . . . . . . . . . 300
9.3 Filtered Open-Loop Recursive Identification Algorithms (FOL) . . 303
9.3.1 Filtered Recursive Least Squares . . . . . . . . . . . . . . 303
9.3.2 Filtered Output Error . . . . . . . . . . . . . . . . . . . . 305
9.4 Frequency Distribution of the Asymptotic Bias in Closed-Loop
Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305
9.4.1 Filtered Open-Loop Identification Algorithms . . . . . . . 307
9.4.2 Closed-Loop Output Error Identification Algorithms . . . . 308
9.5 Validation of Models Identified in Closed-Loop . . . . . . . . . . 309
9.5.1 Statistical Validation . . . . . . . . . . . . . . . . . . . . . 310
9.5.2 Pole Closeness Validation . . . . . . . . . . . . . . . . . . 311
9.5.3 Time Domain Validation . . . . . . . . . . . . . . . . . . . 312
9.6 Iterative Identification in Closed-Loop and Controller Redesign . . 312
9.7 Comparative Evaluation of the Various Algorithms . . . . . . . . . 314
9.7.1 Simulation Results . . . . . . . . . . . . . . . . . . . . . . 314
9.7.2 Experimental Results: Identification of a Flexible
Transmission in Closed-Loop . . . . . . . . . . . . . . . . 318
9.8 Iterative Identification in Closed Loop and Controller Redesign
Applied to the Flexible Transmission . . . . . . . . . . . . . . . . 321
9.9 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 324
9.10 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
10 Robust Parameter Estimation . . . . . . . . . . . . . . . . . . . . . . 329
10.1 The Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329
10.2 Input/Output Data Filtering . . . . . . . . . . . . . . . . . . . . . 331
10.3 Effect of Disturbances . . . . . . . . . . . . . . . . . . . . . . . . 332
10.4 PAA with Dead Zone . . . . . . . . . . . . . . . . . . . . . . . . 338
10.5 PAA with Projection . . . . . . . . . . . . . . . . . . . . . . . . . 340
10.6 Data Normalization . . . . . . . . . . . . . . . . . . . . . . . . . 344
10.6.1 The Effect of Data Filtering . . . . . . . . . . . . . . . . . 349
10.6.2 Alternative Implementation of Data Normalization . . . . . 352
10.6.3 Combining Data Normalization with Dead Zone . . . . . . 352
10.7 A Robust Parameter Estimation Scheme . . . . . . . . . . . . . . 355
10.8 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 355
10.9 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 356
11 Direct Adaptive Control . . . . . . . . . . . . . . . . . . . . . . . . . 359
11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359
11.2 Adaptive Tracking and Regulation with Independent Objectives . . 360
11.2.1 Basic Design . . . . . . . . . . . . . . . . . . . . . . . . . 360
11.2.2 Extensions of the Design . . . . . . . . . . . . . . . . . . 368
11.3 Adaptive Tracking and Regulation with Weighted Input . . . . . . 372
11.4 Adaptive Minimum Variance Tracking and Regulation . . . . . . . 374
11.4.1 The Basic Algorithms . . . . . . . . . . . . . . . . . . . . 375
11.4.2 Asymptotic Convergence Analysis . . . . . . . . . . . . . 380
xviii Contents
11.4.3 Martingale Convergence Analysis . . . . . . . . . . . . . . 383
11.5 Robust Direct Adaptive Control . . . . . . . . . . . . . . . . . . . 389
11.5.1 The Problem . . . . . . . . . . . . . . . . . . . . . . . . . 389
11.5.2 Direct Adaptive Control with Bounded Disturbances . . . . 390
11.5.3 Direct Adaptive Control with Unmodeled Dynamics . . . . 393
11.6 An Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 402
11.7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 404
11.8 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405
12 Indirect Adaptive Control . . . . . . . . . . . . . . . . . . . . . . . . 409
12.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409
12.2 Adaptive Pole Placement . . . . . . . . . . . . . . . . . . . . . . 413
12.2.1 The Basic Algorithm . . . . . . . . . . . . . . . . . . . . . 413
12.2.2 Analysis of the Indirect Adaptive Pole Placement . . . . . 417
12.2.3 The “Singularity” Problem . . . . . . . . . . . . . . . . . 424
12.2.4 Adding External Excitation . . . . . . . . . . . . . . . . . 429
12.3 Robust Indirect Adaptive Control . . . . . . . . . . . . . . . . . . 430
12.3.1 Standard Robust Adaptive Pole Placement . . . . . . . . . 431
12.3.2 Modified Robust Adaptive Pole Placement . . . . . . . . . 434
12.3.3 Robust Adaptive Pole Placement: An Example . . . . . . . 439
12.4 Adaptive Generalized Predictive Control . . . . . . . . . . . . . . 442
12.5 Adaptive Linear Quadratic Control . . . . . . . . . . . . . . . . . 444
12.6 Adaptive Tracking and Robust Regulation . . . . . . . . . . . . . 444
12.7 Indirect Adaptive Control Applied to the Flexible Transmission . . 445
12.7.1 Adaptive Pole Placement . . . . . . . . . . . . . . . . . . 445
12.7.2 Adaptive PSMR Generalized Predictive Control . . . . . . 450
12.8 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 455
12.9 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 455
13 Multimodel Adaptive Control with Switching . . . . . . . . . . . . . 457
13.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457
13.2 Principles of Multimodel Adaptive Control with Switching . . . . 458
13.2.1 Plant with Uncertainty . . . . . . . . . . . . . . . . . . . . 458
13.2.2 Multi-Estimator . . . . . . . . . . . . . . . . . . . . . . . 459
13.2.3 Multi-Controller . . . . . . . . . . . . . . . . . . . . . . . 459
13.2.4 Supervisor . . . . . . . . . . . . . . . . . . . . . . . . . . 460
13.3 Stability Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . 461
13.3.1 Stability of Adaptive Control with Switching . . . . . . . . 461
13.3.2 Stability of the Injected System . . . . . . . . . . . . . . . 462
13.4 Application to the Flexible Transmission System . . . . . . . . . . 464
13.4.1 Multi-Estimator . . . . . . . . . . . . . . . . . . . . . . . 464
13.4.2 Multi-Controller . . . . . . . . . . . . . . . . . . . . . . . 464
13.4.3 Experimental Results . . . . . . . . . . . . . . . . . . . . 465
13.4.4 Effects of Design Parameters . . . . . . . . . . . . . . . . 470
13.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 475
13.6 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 475
Contents xix
14 Adaptive Regulation—Rejection of Unknown Disturbances . . . . . 477
14.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 477
14.2 Plant Representation and Controller Design . . . . . . . . . . . . . 481
14.3 Robustness Considerations . . . . . . . . . . . . . . . . . . . . . 484
14.4 Direct Adaptive Regulation . . . . . . . . . . . . . . . . . . . . . 484
14.5 Stability Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 487
14.6 Indirect Adaptive Regulation . . . . . . . . . . . . . . . . . . . . 489
14.7 Adaptive Rejection of Multiple Narrow Band Disturbances
on an Active Vibration Control System . . . . . . . . . . . . . . . 491
14.7.1 The Active Vibration Control System . . . . . . . . . . . . 491
14.7.2 Experimental Results . . . . . . . . . . . . . . . . . . . . 491
14.8 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 496
14.9 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 497
15 Adaptive Feedforward Compensation of Disturbances . . . . . . . . 499
15.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 499
15.2 Basic Equations and Notations . . . . . . . . . . . . . . . . . . . 503
15.3 Development of the Algorithms . . . . . . . . . . . . . . . . . . . 505
15.4 Analysis of the Algorithms . . . . . . . . . . . . . . . . . . . . . 509
15.4.1 The Deterministic Case—Perfect Matching . . . . . . . . . 509
15.4.2 The Stochastic Case—Perfect Matching . . . . . . . . . . 511
15.4.3 The Case of Non-Perfect Matching . . . . . . . . . . . . . 512
15.4.4 Relaxing the Positive Real Condition . . . . . . . . . . . . 513
15.5 Adaptive Attenuation of Broad Band Disturbances on an Active
Vibration Control System . . . . . . . . . . . . . . . . . . . . . . 514
15.5.1 System Identification . . . . . . . . . . . . . . . . . . . . 515
15.5.2 Experimental Results . . . . . . . . . . . . . . . . . . . . 516
15.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 519
15.7 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 520
16 Practical Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 523
16.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 523
16.2 The Digital Control System . . . . . . . . . . . . . . . . . . . . . 524
16.2.1 Selection of the Sampling Frequency . . . . . . . . . . . . 524
16.2.2 Anti-Aliasing Filters . . . . . . . . . . . . . . . . . . . . . 525
16.2.3 Digital Controller . . . . . . . . . . . . . . . . . . . . . . 525
16.2.4 Effects of the Digital to Analog Converter . . . . . . . . . 526
16.2.5 Handling Actuator Saturations (Anti-Windup) . . . . . . . 527
16.2.6 Manual to Automatic Bumpless Transfer . . . . . . . . . . 528
16.2.7 Effect of the Computational Delay . . . . . . . . . . . . . 529
16.2.8 Choice of the Desired Performance . . . . . . . . . . . . . 529
16.3 The Parameter Adaptation Algorithm . . . . . . . . . . . . . . . . 531
16.3.1 Scheduling Variable α1(t) . . . . . . . . . . . . . . . . . . 533
16.3.2 Implementation of the Adaptation Gain Updating—
The U-D Factorization . . . . . . . . . . . . . . . . . . . . 535
16.4 Adaptive Control Algorithms . . . . . . . . . . . . . . . . . . . . 536
xx Contents
16.4.1 Control Strategies . . . . . . . . . . . . . . . . . . . . . . 536
16.4.2 Adaptive Control Algorithms . . . . . . . . . . . . . . . . 537
16.5 Initialization of Adaptive Control Schemes . . . . . . . . . . . . . 538
16.6 Monitoring of Adaptive Control Systems . . . . . . . . . . . . . . 539
16.7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . 540
Appendix A Stochastic Processes . . . . . . . . . . . . . . . . . . . . . . 541
Appendix B Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 545
Appendix C Passive (Hyperstable) Systems . . . . . . . . . . . . . . . . 549
C.1 Passive (Hyperstable) Systems . . . . . . . . . . . . . . . . . . . 549
C.2 Passivity—Some Definitions . . . . . . . . . . . . . . . . . . . . 550
C.3 Discrete Linear Time-Invariant Passive Systems . . . . . . . . . . 552
C.4 Discrete Linear Time-Varying Passive Systems . . . . . . . . . . . 557
C.5 Stability of Feedback Interconnected Systems . . . . . . . . . . . 559
C.6 Hyperstability and Small Gain . . . . . . . . . . . . . . . . . . . . 561
Appendix D Martingales . . . . . . . . . . . . . . . . . . . . . . . . . . 565
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 573
Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 585
Abbreviations
Acronyms
a.s. Almost sure convergence
ANC Active noise control
ARMA Auto regressive moving average
ARMAX Auto regressive moving average with exogenous input
AVC Active vibration control
FOE Filtered output error algorithm
GPC Generalized predictive control
CLOE Closed loop output error recursive algorithm
EFR Equivalent feedback representation
ELS Extended least squares algorithm
FOL Filtered open loop identification algorithm
G-CLOE Generalized closed loop output error algorithm
GLS Generalized least squares algorithm
IVAM Instrumental variable with auxiliary model
LHS Left hand side
MRAS Model reference adaptive system
OE Recursive output error algorithm
OEAC Output error with adjustable compensator
OEEPM Output error with extended prediction model
OEFC Output error with fixed compensator
PAA Parameter adaptation algorithm
PRBS Pseudo random binary sequence
PSMR Partial state model reference control
RHS Right hand side
RLS Recursive least squares algorithm
RML Recursive maximum likelihood algorithm
SPR Strictly positive real
X-CLOE Extended closed loop output error algorithm
xxi
xxii Abbreviations
Notation
fs Sampling frequency
Ts Sampling period
t Continuous time or normalized discrete time (with respect to the
sampling period)
u(t), y(t) Plant input and output
e(t) Discrete-time Gaussian white noise
yˆ(t + j/t) j -steps ahead prediction of y(t)
q−1 Backward shift operator (q−1y(t + 1) = y(t))
τ Time delay (continuous time systems)
s, z Complex variables (z = esTs )
d Delay of the discrete-time system (integer number of sampling
periods)
A(q−1) Polynomial in the variable q−1
Aˆ(t, q−1) Estimation of the polynomial A(q−1) at instant t
aˆi (t) Estimation of the coefficients of the polynomials A(q−1) (they are
the coefficients of the polynomial A(t, q−1))
θ Parameter vector
θˆ (t) Estimated parameter vector
θ˜ (t) Parameter error vector
φ(t), (t) Measurement or observation vector
F , F(t) Adaptation gain
yˆ0(t) A priori output of an adjustable predictor
yˆ(t) A posteriori output of an adjustable predictor
ε0(t) A priori prediction error
ε(t) A posteriori prediction error
ν0(t) A priori adaptation error
ν(t) A posteriori adaptation error
P(z−1) Polynomial defining the closed loop poles
PD(z
−1) Polynomial defining the dominant closed loop poles
PF (z
−1) Polynomial defining the auxiliary closed loop poles
A,M,F Matrices
F > 0 Positive definite matrix
ω0 Natural frequency of a 2nd order system
ζ Damping coefficient of a 2nd order system
E{·} Expectation
R(i) Autocorrelation or cross-correlation
RN(i) Normalized autocorrelation or cross-correlation
